The phagocytosis of five established cell lines, IPLB-Sf-5-5C, UCR-Se-1, NTU-Sl-1A, NTU-Pn-HH, and IPLB-Ld-652Y was examined by fluoresbrite carbosylate particle uptake. The phagocytic action of the Sf-5-5C cells was highly efficient compared to other cells, while Pn-HH cells showed no phagocytic action. Sf-5-5C, Se-1 and Sl-1A engulfed readily the OBs of AcMNPV, a virus to which they are susceptible, while they did not engulf the OBs of the non-susceptible virus, PenuNPV. These findings suggested that these insect cell lines would be useful for studying phagocytosis in vitro. Thus, Sf-5-5C cells were selected for the advanced study of phagocytosis. Three types of Sf-5-5C cells, non-basophilic cells, light basophilic cells and basophilic cells, were distinguished by morphology, toluidine blue staining, and electron microscopic staining. The non-basophilic cells acted as the main phagocytic cells in OB uptake, while the phagocytic activity of the light basophilic cells was weak. Inside the phagosome, the OBs were digested in the cytoplasm. The titration of AcMNPV in the culture media of Sf-5-5C cells after OB uptake was examined. The results implied that AcMNPV may be released from the engulfed OBs.
INTRODUCTION
Baculovirus replication in an insect cell is a biphasic process. The primary phase is the production of extracellular virions (ECVs) that infect cells in the insect's hemocoel or insect cell culture medium. In the second phase, occluded virions (OVs) are produced and embedded in occlusion bodies (OBs) in the nucleus of the infected cell. The ECVs are apparently responsible for the spread of viral infection by intercellular transmission via the hemolymph within insects or via the medium in insect cell culture. OVs, by contrast, are horizontally transmitted to susceptible insect larvae by oral ingestion of the OBs (Volkman et al., 1976; Volkman and Summers, 1977) . OBs consist of an outer coat (polyhedral envelope), a crystalline body formed by a distinct protein (polyhedrin) and OVs. The OBs dissolve in alkaline solution (pH: about 10) in vitro and are also dissolved by the alkaline mid-gut juice (pH: 9-11) of an insect. After the OB has dissolved, the embedded OVs are released, which allows them to infect the mid-gut cells and begin their infection cycle.
An insect is able to resist the development of disease even after the microorganism has entered its hemocoel. Such resistance is associated with cellular reaction and acellular (humoral) response. Hemocytes are the major cells involved in a cellular response, reacting against the invaders in three different ways: phagocytosis, encapsulation, and nodule formation. Of these, phagocytosis was the first to be discovered in invertebrate cellular immunity studies, and even today, in both in vivo and in vitro studies of insects and crustaceans, most investigations of phagocytosis focus on the hemocytes. Thus, for example, the role of hemocytes in phagocytic activity toward invading bacteria (Anderson et al., 1973; Anderson, 1974 Anderson, , 1975 and conidia of fungi Pendland et al., 1993) has been studied in vitro in suspension cultures and simple monolayers. However, since most of these in vitro studies were done using short-term culture hemocytes, many of the phagocytic mechanisms remain to be elucidated. To investigate these mechanisms a longer-term tool would therefore be very useful. If a highly efficient phagocytic action could be demonstrated in cells from an established cell line, many unanswered questions concerning phagocytosis might be resolved because the cells could be grown and studied in vitro indefinitely. In this study, we demonstrated the phagocytic and recognizing abilities of five established cell lines, IPLB-Sf-5-5C, UCR-Se-1, NTU-Sl-1A, NTU-Pn-HH, and IPLB-Ld-652Y, to react against foreign bodies and use the Sf-5-5C cell line to study the possibility of intercellular transmission of OBs by phagocytosis.
MATERIALS AND METHODS
Insect cell lines, viruses, and viral propagation. Two viruses, AcMNPV (Autographa californica nucleopolyhedrovirus) and PenuNPV (Perina nuda NPV) were used to test the phagocytosis of five cell lines, IPLB-Sf-5-5C (a cloned cell from IPLB-Sf-21AE, a cell line established from pupal ovaries of Spodoptera frugiperda) (Wang et al., 1992) , UCR-Se-1 (a cell line established from neonate larvae of S. exigua) (Gelernter and Federici, 1986 ), IBL-Sl-1A (a cell line established from pupal ovaries of S. litura) (Shih et al., 1997) , NTU-Pn-HH (a cell line established from pupal ovaries of Perina nuda) , and IPLB-Ld-652Y (a cell line established from pupal ovaries of Lymantria dispar) (Goodwin et al., 1978) . AcMNPV and PenuNPV were propagated in their permissive cells, Sl-1A and Pn-HH cells, respectively Wang et al., 1996) . The Se-1 cells were cultured in modified TNM-FH medium (Gelernter and Federici, 1986) , and the other cell lines were cultured in TNM-FH medium (Hink and Strauss, 1976) . Both media contained 100 IU/ml penicillin, 100 mg/ml streptomycin, and 1.25 mg/ml fungizone. The medium was supplemented with 10% heat-treated fetal bovine serum (FBS). The semiconfluent Sf-5-5C and Pn-HH cells (log-phase cells) were respectively inoculated with AcMNPV and PenuNPV-containing media at an MOI (multiplicity of infection) of about 1. Following 1 h adsorption, the viral solution was discarded, TNM-FH medium was added, and the cells were incubated at 28°C cultures were observed for signs of cytopathic effect. After most of the OBs were released from the infected cells, medium containing the OB-suspension was collected for OB purification.
Preparation of ECV-free OB suspension. Ten milliliter OB-suspension medium was collected into a 50 ml centrifuge tube, mixed with the same volume of sterilized lysing buffer (300 mM Tris, 100 mM KCl, 20 mM MgOAc, and 10% Nonidet P-40, pH: 7.5) and shaken for 20 min. The OB-containing solution was diluted with sterilized distilled water to a volume of 50 ml and then centrifuged at 1,000 rpm for 10 min to remove the unlysed cells and the OB aggregates. The supernatant was collected into another sterilized 50 ml centrifuge tube and centrifuged at 3,000 rpm for 30 min. The supernatant was discarded and the precipitate (OBs), about 0.1 ml in volume, was then re-suspended in sterilized distilled water to a volume of 50 ml. The OBs were again centrifuged and re-suspended and this process was repeated 5 times. Finally the OBs were re-suspended in the complete medium, and the number of OBs was counted by a hemocytometer.
Phagocytic uptake of fluoresbrite carbosylate particles (FCPs) by insect cells. Fluoresbrite carbosylate particles (Polysciences, Inc.), about 0.5 mm in diameter, were added to log-phase of five insect cells (Sf-5-5C, Se-1, Sl-1A, Pn-HH and Ld-652Y cells) at a concentration of 5 particles/cell. Sf-5-5C cells were observed at 8-h intervals for 48 h after inoculation with a fluorescent microscope (Olympus IMT-2) and other cell lines were observed only at 24 h. The engulfed or adsorbed FCPs were discriminated by aldehyde fixation (10% neutral formalin), and only the engulfed FCPs were counted.
Phagocytic uptake of OBs and free virus production by insect cells. The prepared ECV-free OBs of AcMNPV and PenuNPV were added to log-phase of five insect cells (Sf-5-5C, Se-1, Sl-1A, Pn-HH and Ld-652Y cells) at a concentration of 5 OBs/cell and examined at 24 h after inoculation. The number of engulfed OBs per Sf-5-5C cell was counted at 1, 8, 16, 24, 32 and 48 h after inoculation. The adsorbed OBs on the cells were excluded by aldehyde fixation. For virus titers, 0.5 ml samples of the medium at 1, 4, 8, 16, 24, 48, 72, 96, 120 and 144 h from the AcMNPV OBs/Sf-5-5C cells were collected. The virus titers were determined by the end-point dilution method (TCID 50 analysis) (Summers and Smith, 1988) .
Light and electron microscopy. The infected Sf-5-5C cells were removed from the surface of the plastic flasks by rubber policemen 1, 24, 48, 96 and 144 h after AcMNPV OB inoculation and sedimented at 900 rpm for 10 min. The medium was discarded and the pellets fixed in 2.5% glutaralde-hyde in pH 7.2 phosphate buffer at 4°C for 3 h and postfixed in 1% OsO 4 in the same buffer for 2 h. The pellets were then dehydrated in an alcoholic gradient series and embedded in Spurr Epon. Thick (0.5 mm) and thin sections were cut on a Reichert OMU 3 ultramicrotome. The thick sections were stained with 1% toluidine blue solution and the thin sections were stained with uranyl acetate and lead citrate. The light micrographs were taken by an Olympus bright-field microscope and the electron micrographs were taken with a Hitachi H7100 electron microscope operated at an accelerating voltage of 100 kV.
RESULTS
Sf-5-5C cells showed the highest phagocytic activity in uptake of fluoresbrite carbosylate particles, followed by Ld-652Y cells, Sl-1A cells, and Se-1 cells 24 h after inoculation. Pn-HH cells on the other hand had almost no phagocytic activity, with only a few cells having one, or at the most 2, particles of fluoresbrite carbosylate on the cell surface, possibly as a result of non-specific adsorption (Table 1) . Three kinds of Sf-5-5C cells could be distinguished on the basis of cell morphology: spindle cells, round cells, and polymorphic cells. Polymorphic cells showed a stronger phagocytic activity than round cells or spindle cells (Fig. 1) . The phagocytic activity of the Sf-5-5C cells began at 1 h postinoculation, and most of the fluoresbrite carbosylate particles were engulfed within 48 h (Fig. 2) . Filopodial elongation of several Sf-5-5C cells was observed during phagocytosis. Because of the expansion of cytoplasm, the nuclei of the spindle and polymorphic cells after phagocytosis were obvious. These results confirm that some Sf-5-5C cells have a high phagocytic activity toward fluoresbrite carbosylate particles.
Ld-652Y cells engulfed OBs of both AcMNPV and PenuNPV (Fig. 3a, b ), but the other cells engulfed only the OBs of their susceptible virus (Table 2) . Sf-5-5C, Se-1 and Sl-1A readily engulfed the OBs of AcMNPV, a virus to which they are susceptible, while they did not engulf the OBs of the nonsusceptible virus, PenuNPV ( Fig. 3c-h ). In contrast, Pn-HH cells engulfed OBs of PenuNPV but not AcMNPV (Fig. 3i, j) . Sf-5-5C cells are highly susceptible to AcMNPV infection but not to PenuNPV, while Pn-HH cells are permissive to PenuNPV but not to AcMNPV . The Sf-5-5C cells in the present study showed a high phagocytic activity to AcMNPV OBs (Fig. 4) . Due to the high efficiency of phagocytosis and the high adhesive ability, Sf-5-5C cells were selected for the advanced study. Based on the phagocytic activity, two groups of Sf-5-5C cells, high phagocytic (Ͼ3 OBs/cell) and low phagocytic cells (Ͻ3 OBs/cell), could be distinguished. At 32 h postinoculation, AcMNPV OB uptake peaked at an average of 20.9 and 2.2 OBs/cell by high and low phagocytic Sf cells, respectively (Fig. 5) , compared to less than 1 PenuNPV OB per cell. Pn-HH cells showed a very low phagocytic activity to both OBs (less than 0.01/cell at 48 h postinoculation). At 48 h postinoculation, the numbers of AcMNPV OBs contained in the high and low Sf-5-5C cells were reduced, possibly by cellular digestion or cell disintegration. Based on the stain affinity with toluidine blue, two groups of the Sf-5-5C cells exposed to AcM-NPV OBs were also distinguished: basophilic cells and non-basophilic cells. The former consisted of (Fig. 6) . The non-basophilic cells showed the highest phagocytic activity, while the light basophilic cells and basophilic cells were relatively inactive. Based on these results, we believe the non-basophilic cells, light basophilic cells and basophilic cells correspond to the polymorphic cells, round cells, and spindle cells, respectively. Cytopathic effects could be seen in the phagocytic nonbasophilic cells and a few light basophilic cells: the nucleus increased in size; the nucleolus disappeared; the chromatin granules dispersed to the peripheral areas; and eventually, at 3 days postinoculation, the cytoplasm of these cells disintegrated. In the non-basophilic cells and light basophilic cells, most of the engulfed OBs had dissolved by 6 days postinoculation, and at this time some light basophilic cells already showed typical cytopathic effects of NPV infection. Newly forming OBs were found in the hypertrophic nuclei of the inoculated cells, while the engulfed OBs were located only in the cytoplasm of the inoculated cells. Thus, the cells containing newly forming OBs could be counted. The ratio of cells with the newly forming OBs in the hypertrophic nuclei nucleus was less than 1% in 100 observed cells at 6 days postinoculation (Fig. 6) . At 1 day postinoculation, the percentages of non-basophilic cells, light basophilic cells, and basophilic cells in the population of Sf-5-5C cells were 85.4%, 8.0%, and 6.6%, respectively, but the percentage of cell types in the cell population changed daily. At 7 days postinoculation, the basophilic cells accounted for 47.8% of the cell population (Fig. 7) .
Under electron microscopic observation, the three types of Sf-5-5C cells had correspondingly different morphologies: the non-basophilic cells were large, electron-lucent cells with a large round or oval nucleus and a low cytoplasm : nucleus ratio; the light basophilic cells had a round to kidneyshaped nucleus, and their cytoplasm was filled with endoplasmic reticula, mitochondria and cisterna; and the basophilic cells were electron-dense cells with a very electron-dense, irregular-shaped or lobed nucleus, and a cytoplasm rich in ribosomes, mitochondria and lysosomes (Fig. 8a) . In the nonbasophilic cells at 3 days postinoculation, the cytoplasm had begun to disintegrate and the nucleus was seriously hypertrophic and lost its nuclear matrix. This led to the release of several partially digested OBs, which were then surrounded by the basophilic cells (the electron-dense cells) (Fig. 8b) . Filopodia could be seen extending from these basophilic cells. A clear boundary formed between the OBs in the phagosomes of the basophilic cells and the cytoplasm (Fig. 8b) , and these OBs were not completely digested even by the end of the experiment (7 days postinoculation). Cytopathic effects were also seen in the light basophilic cells: in the hypertrophic nucleus, developing OBs and virogenic stroma were observed (Fig. 8c) at 6 days postinoculation.
Inside the phagosome of the Sf-5-5C cells, the OBs were digested in the cytoplasm. The engulfed 64
H.-N. Yang et al. OBs were surrounded by primary lysosome-like particles, which then fused together and formed a thick, electron-dense layer coating the OB (Fig. 9a,   b) . At 4 h postinoculation, partial digestion of the OBs in the phagosomes could already be seen in the Sf-5-5C cells. Digestion of the OBs had one of two different patterns: either they were digested directly from the surface (Fig. 9b) , or else narrow sutures were formed and the OBs were cleaved (Fig.  9a, c) . The invaginated grooves on the partially digested OBs tended to be located directly above one end of radially oriented OVs that were near the surface (Fig. 9a, b, d ). OVs were seen releasing from the digested OBs (Fig. 9a, b) and in the sutures of cleaved OBs (Fig. 9a) . The almost completely digested OBs consisted of a thick, spongy-like layer and a cleaved residue, and no viral particle was found in this OB residue (Fig. 9c) .
The virus titers of the medium at 1, 2, 3, 4, 5 and 6 days from the AcMNPV OBs/SF-5-5C were determined by TCID 50 . At 1 and 2 days postinoculation, no virus could be detected in the medium within 6 days observation. The virus was first detected in the TCID 50 titration at 3 days postinoculation (1.36ϫ10 2 TCID 50 /ml). At 4, 5, and 6 days postinoculation, the viral titers were 1.95ϫ10 5 TCID 50 /ml, 3.16ϫ10 6 TCID 50 /ml and 3.34ϫ10 7 TCID 50 /ml, respectively (Fig. 10) . Virus production in the AcMNPV/PN-HH cells, PenuNPV/Sf-5-5C cells and PenuNPV/PN-HH was undetectably low (data not shown).
DISCUSSION
The phagocytic defense mechanism of insects is confined to specialized cells, the plasmatocytes and granular hemocytes (Pathak, 1993) . The effectiveness of the phagocytosis of the hemocytes depends on, among other factors, the phagocytic index (number of phagocytosing immunocytes), the nature of the microorganisms, the frequency of engulfing and the enhancement factors (Abdul-Salam and Michelson, 1980) . Many of these aspects of phagocytosis have been studied. For example, phagocytosis-stimulating activity against exogenous substances can be induced by treating the surface structure of nonphagocytosable substances with lysozymes or detergents (Mohrig et al., 1979b) . Pre-exposure to phagocytosable particles also induces the production of an activating factor (a lymphokine-like substance in invertebrates) in the activated hemolymph (Mohrig et al., 1979a) , while factors of microbial origin such as glucans can increase the phagocytic rate of hemocytes (Huxham and Lackie, 1988) . Phagocytosis may also be stimulated by the prophenoloxidase activated cascade (Gillespie et al., 1997) . Wago (1983) has observed humoral factors that promote the elongation of the filopodia (pseudopodia) of granulocytes of the silkworm, and these filopodia play an essential role in the attachment of the blood cell to foreign bodies. In the Sf-5-5C cell line, however, in the absence of any hemocytes, the main phagocytes are the non-basophilic cells, which initially accounted for 85.4% of the Sf-5-5C cell population. As discussed below, however, the same phenomenon occurs between the phagocytic behavior of insect hemocytes and the phagocytic Sf-5-5C cells. c d Fig. 9 . AcMNPV OBs are digested inside the cells either by a: cleaving or b: digestion from the outside. The OBs are surrounded by a thick electron-dense layer (E), and the invaginated grooves (Ig) are aligned directly above the OVs inside the OB. Arrows: escaping OVs. c: An almost completely digested OB inside non-basophilic cells. The phagosome has a disrupted outer layer (E) and the OB has formed a thick, sponge-like outer coat (arrows). Also shown are digested substances (Ds) from the OB and disintegrated cytoplasm (Dc). d: A digested OB in a basophilic cell showing how the invaginated grooves (Ig) tend to align directly above the OVs. Bar: 0.5 mm. Fig. 10 . Virus titers in the Sf-5-5C cell medium after AcMNPV OB inoculation. The virus particles were initially detected at 3 days postinoculation, a relatively low titer is seen at 4 and 5 days postinoculation and an exploded titer (3.34ϫ 10 7 TCID 50 /ml) is seen at 6 days postinoculation.
Thus, although the present study does not directly investigate the in vivo function of hemocytes, it may nonetheless provide insight into some of the relatively unknown mechanisms of phagocytosis. In addition, Pn-HH cells had almost no phagocytosis of fluoresbrite carbosylate particles while they could engulf the OBs of the PenuNPV. We suggest that some opsonic factors may occur on the surface of the PenuNPV OBs but not on the surface of fluorescence particles.
The typical cytopathic effect of NPV was seen in the light basophilic cells at 6 days postinoculation (Fig. 8c) , apparently caused by a second wave of infection by newly produced ECVs or OVs that had escaped from digested OBs. This free virus in the form of ECV or OV could first be detected in the medium after 3 days postinoculation (Fig. 10) . By the time of this second wave of infection, the phagocytic activity of the basophilic cells had increased, and no CPE was seen in these cells. We conclude that the basophilic cells were nonpermissive to AcMNPV. After 3 days postinoculation, the basophilic cells appeared to be activated by factors relating to the signals from the engulfed non-basophilic cells. The filopodia of the activated basophilic cells became elongated and attached to the digested OBs or cell debris from the lysed non-basophilic cells (Fig. 8b) . Likely candidates for these activating factors would be: released substances from the digested OBs; the lysozyme coating on the digested OBs; or the cytoplasmic debris of the disintegrated non-basophilic cells. Although the initial phagocytic action was quite low, the basophilic cells functioned quite effectively as scavengers. Also, the percentage of basophilic cells in the Sf-5-5C cell population increased significantly after inoculation, and this was apparently caused by the multiplication of basophilic cells rather than the collapse of the achromatocyte population. Thus, phagocytic non-basophilic cells, light basophilic cells, and activated basophilic cells form a functional community in the Sf-5-5C cell line which is broadly analogous to the functional complement of the hemocytes in insects.
Sf cells and AcMNPV are well known as important tools for mass production of foreign proteins by baculovirus expression vector (Smith et al., 1983) . In the present study we used a cloned Sf cell, Sf-5-5C (Wang et al., 1992) , which is more heterogenic than the parent cells, Sf-21-AE cells, which are predominantly round with a large nucleus and dense cytoplasm. In addition, their adhesive ability and phagocytic activity are also better than those of the parent cells (Fig. 2) . Thus, these Sf-5-5C cells are more suitable for this study. Furthermore, Sf-5-5C cells have the ability to recognize and engulf the NPV OBs. The mechanism that allows them to do this might involve specific receptors on the surface of the Sf-5-5C cells. Once inside the cell, since the OBs are much larger than the primary lysosomes, many lysosomes fuse together and either form an electron-dense outer coat (Fig. 9a) or digest the engulfed OBs to form a thick, spongy-like layer (Fig. 9c) . Under alkaline conditions (pHϾ9), OBs are known to be digested by endogenous or exogenous alkaline protease (Tanada and Kaya, 1993) . Therefore, the engulfed OBs in the cytoplasm of the inoculated cells might be digested either by the OB's akaline protease (endogenous protease) or by the lysosome's alkaline protease (exogenous protease), or even by both proteases in the alkaline atmosphere of lysosome. However, the actual factor related to the OB's digestion in the cells needs to be elucidated in further studies. Additionally, the invaginated grooves on the partially digested OBs frequently ran directly above one end of the OVs in the interior, thus the OVs may contain/produce some unknown factors that control the direction of digestion. Furthermore, since serious cytopathic effects were observed in the phagocytes (non-basophilic cells), the digested products of the OBs may be toxic to the non-basophilic cells. More work is needed to confirm our speculations and to identify the toxic products after OB digestion in the cytoplasm. Although we could not verify the actual origin of AcMNPV ECV which infected the Sf-5-5C cells after OB uptake (Fig. 10) , two possibilities of AcMNPV-ECV origin are discussed: one possibility may be that because of ECV contamination during ECV-free OB preparation, we had washed the AcMNPV OBs five times, about 3.13ϫ10 13 (500 5 ) dilution was estimated. It is therefore reasonable to omit this possibility. Adams and McClintock (1991) showed types of fractured OBs isolated from larvae similar to those seen in Fig. 9b . Certainly this possibility can not be excluded. Figure  9d shows that the engulfed OBs were completely digested and the OVs in the completely digested OBs are no longer seen. In addition, the OVs can infect the cells directly although they are much less infectious to cells than ECV (Lynn, 1994) . However, we prefer the second possibility that the free OVs were released from the digested OB and infected the cells endogenously or exogenously. Washburn et al. (1996) were the first to describe an effective insect immune response against viral infections when they demonstrated that AcMNPV infected cells of Helicoverpa zea, which is highly susceptible to infection by AcMNPV, are encapsulated by hemocytes and subsequently cleared. Based on the results of AcMNPV-hsp70/lacZ experimental infection, they further suggested that the NPV genome could be genetically modified to contain an immunosuppressor gene that would enable it to become a more efficacious pesticide (Washburn et al., 1996) . In the present study, the basophilic cells showed a strong resistance to AcMNPV infection, and by 3 days postinoculation, they were forming aggregations that surrounded the lysed non-basophilic cells. It might therefore be particularly fruitful to investigate the potential of these cells for preventing the spread of infection, as well as the factors that might be involved in the encapsulation mechanism. To this end, the relatively simple monolayer culture used here should be extended to suspension cultures in future studies.
From these results, we draw several conclusions: the engulfed OBs may be digested in the phagosomes of Sf-5-5C cells by lysozyme and the components of the digested OBs have a toxic effect on the phagocytes, especially the non-basophilic cells. We also conclude that the phagocytic action of Sf-5-5C cells is asynchronous and that the basophilic cells are highly resistant to NPV infection.
